Introduction {#s1}
============

The worldwide prevalence of fatty liver (FL) has shown an increase recent changes in lifestyle \[[@r1]\]. FL is histologically defined as the accumulation of more than 5% to 10% fat in the liver. Steatosis, infiltration of fat into liver cells, is one of the main histological features of FL, and it is associated with disturbance of the metabolism caused by obesity, diabetes, hyperlipidemia, and so on \[[@r4]\]. Mild FL is considered to be a reversible entity, while moderate and severe FL may progress through steatohepatitis to cirrhosis and even to hepatocellular carcinoma \[[@r11]\]. Additionally, an individual with mild FL can be a safe liver donor in liver transplantation, while moderate and severe FL may increase the risk of postoperative complications and graft failure \[[@r15]\].Therefore, there is growing demand for early diagnosis and accurate assessment of FL.

Several imaging modalities, including ultrasonography (US), X-ray computed tomography (CT), and magnetic resonance imaging (MRI) have been used to assess FL. However, they have shown their own limitations in terms of accurate grading of FL \[[@r17]\]. Currently, US imaging is the first-line image modality to detect and grade FL \[[@r17]\]. However, it has less sensitivity in diagnosing mild FL, and it is subjective in grading FL \[[@r5], [@r7]\]. CT provides high performance in qualitative diagnosis of moderate to severe FL, but its diagnostic performance for quantitative assessment of FL is not clinically acceptable by all people. Moreover, it exposes the subjects to ionizing radiation \[[@r14]\].Recently, MRI has shown good prospects in quantitative assessment of FL, but MRI examinations are expensive and time-consuming \[[@r20], [@r24]\]. Liver biopsy has high accuracy in diagnosing and grading FL, but it is limited by its invasive characteristics. Thus it is still a challenge to diagnose FL early and grade FL accurately in clinical practice.

The subjectivity in ultrasound grading of FL is mainly due to the influences of instrument settings, operator experience, and various patient conditions \[[@r5]\]. To evaluate FL more accurately, US image texture analysis has been used, and some achievements have been made \[[@r12]\].Studies performing US image texture analysis are based on analysis of video signals. Compared with ultrasound video signals, the original RF signals are raw data without much signal processing. In theory, such RF signals would contain more information for better characterizing the tissue than gray-scale images. In previous studies, quantitative features extracted directly from the original RF signals have been suggested for comparison of ultrasound and liver pathological findings in steatosis, fibrosis, and cirrhosis \[[@r2], [@r9], [@r18], [@r22]\]. These studies showed that ultrasound RF features were correlated with liver pathological changes. However, up to our knowledge, there are few papers that have focused on grading FL by utilizing ultrasound RF signal-based methods.

In this study, we firstly established a rat model with different FL stages and then extracted four quantitative statistic features from the ultrasound time-domain RF signals. To diagnose and grade FL, we set up a correlative regression equation with the most powerful predictors. This study also evaluated the diagnostic performance of the four parameters in various degrees of FL.

Materials and Methods {#s2}
=====================

Materials
---------

This study was approved by the Animal Ethics Committee of the Animal Facility of West China Hospital. One hundred and twenty male Wistar rats provided by the Laboratory Animal Center of Sichuan University were used in this study. The rats were handled according to the University and Animal Ethics Committee Guidelines of the Animal Facility of West China Hospital. The rats were randomly divided into 2 groups: the control group (n=48) and experimental group (n=72). Each rat weighed approximately 250 ± 20 g, all the rats were 8 weeks of age, and there was no significant difference in body weight among the two groups. The rats in the experimental group were fed with a high fat diet composed of 10% lard, 2% cholesterol, 0.1% pig bile salt, and 87.9% normal food, while the rats in the control group were given free access to normal food and water.From the 5th to 16th week, performed the experiments 12 times in total;6 experimental group rats and 4 control group rats were chosen randomly for B-mode ultrasound scanning and RF signals acquisition in vivo on the same day of each week. All rats were anesthetized with an intraperitoneal injection of ketamine (70 mg/kg) and xylazine (10 mg/kg) and then placed in the supine position with whole thorax abdominal skin preparation. Then they were sacrificed by cervical dislocation, and a histological examination was performed. All examinations were performed after the rats had fasted for 8--12 h.

Ultrasonic RF signal acquisition
--------------------------------

A Siemens Antares system (Siemens Healthcare, Mountain View, CA, USA), equipped with an Axius Direct Ultrasound Research Interface (URI), was used to acquire the RF signals. A system provides 16 bit digitized echo signals at a sampling rate of 40 MHz. A VFX13-5 probe with a center frequency of 11.43 MHz was utilized to scan the rats. In the data acquisition process, the scanning settings were 35 dB/65 dB, 2.5 cm, and 0.7 for gain, depth, and MI, respectively. RF data for the whole image range (with a 2.5 cm depth) were acquired. For each rat, two frames of RF data were used for analysis. All the RF data were stored on a hard disk for subsequent offline analysis.

Feature extraction of ultrasonic RF signals
-------------------------------------------

The RF signals were analyzed with commercially available data processing software (MATLAB 7.0, The Mathworks Inc., Natick, MA, USA). The region of interest (ROI) was rectangle in shape with 30 × 200 pixels ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.The envelope data in the region of interest (ROI). a) A 2-D sonographic image constructed by MATLAB 7.0 from the radiofrequency signals and ROI localization. In this figure, 1250 samples on the Y-axis corresponds to 2.5 cm. b) The envelope data of a digitized time-domain signal of a line in the ROI.). It was set at 1 cm below the liver surface within the liver parenchyma. It was adjusted in such a way that it avoided major intrahepatic blood vessels and bile ducts. First, the envelope of each signal line of the ROI was obtained by the Hilbert transform ([Fig. 1B](#fig_001){ref-type="fig"}), then the statistical parameters, i.e., the Mean, Mean/SD ratio (MSR), skewness (SK), and kurtosis (KU), were calculated from the envelope, and finally the values of these parameters for each vector were averaged for all vectors of the liver ROI in [Fig. 1A](#fig_001){ref-type="fig"}. The three parameters were defined as shown in equations (1) to (3) \[[@r8]\].
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Three ROIs were set for each frame, and six ROIs were set for each rat. Therefore, the four primary statistics of each rat were measured six times, and each mean was taken to represent the rat.

Histological study
------------------

After the rats were sacrificed by cervical dislocation, histopathology examinations were carried out to grade the FL degree. A cubic liver tissue specimen with size of about 10 mm × 10 mm × 10 mm was sampled at the same place of US scanning for each rat. The tissue specimens were stained with hematoxylin and eosin (H&E). The FL grade was independently evaluated by two experienced pathologists according to the percentage of fat-occupying hepatocytes: normal, no fatty liver; mild, less than 33%; moderate, 33--66%; and severe, more than 66% \[[@r23]\]. The final diagnosis was the consensus of the two pathologists.

Statistical analysis
--------------------

The SPSS 13.0 software was used for statistical analysis. Four RF signal features (Mean, MSR, SK, and KU) were expressed as the mean ± SD. To analyze the difference in different groups, the one-way analysis of variance, univariate analysis, and least significant difference test were used. The Spearman rank correlation coefficient was used for the correlations analysis. In order to improve the diagnostic efficacy of the grade of hepatic steatosis, a stepwise regression equation combining application of the most powerful predictors was determined. Receiver operating characteristic (ROC) analysis was used to compare the diagnostic efficiency of single indexes and the combined index expressed by the regression equation. Cutoff values were defined prediction regions for each FL stage. Area under the ROC curve (AUC), sensitivity, and specificity were calculated with the optimal cutoff values that maximized the Youden's index for diagnosing each FL stage: Youden's index=sensitivity + specificity − 1. A probability value of less than 0.05 was considered statistically significant.

Results {#s3}
=======

Of the 120 rats in this study, pathological results revealed that 42 cases were normal (N) ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Images of tissue samples and H&E staining of normal livers and different degrees of fatty liver. a) Tissue sample and H&E staining (×100) of a normal liver. b) Tissue sample and H&E staining (×40) of mild fatty liver. c) Tissue sample and H&E staining (×100) of moderate fatty liver. d) Tissue sample and H&E staining (×100) of severe fatty liver.), 30 cases had mild FL (L1) ([Fig. 2B](#fig_002){ref-type="fig"}), 25 cases had moderate FL (L2) ([Fig. 2C](#fig_002){ref-type="fig"}), and 13 cases had severe FL (L3) ([Fig. 2D](#fig_002){ref-type="fig"}). Ten rats were excluded from the study. Three of these rats died of unknown causes, 5 of them died as a result of anesthesia accidents, and 2 of them did not have qualified ROIs for RF data analysis.

Means of the four parameters for various degrees of FL are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Four parameters of enveloped time-domain signals in various degrees of FL (mean ± SD)GroupNumberMeanMean/SD ratioSkewnessKurtosisNormal4238.93 ± 9.461.42 ± 0.121.57 ± 0.256.20 ± 1.06Mild3044.87 ± 8.671.59 ± 0.131.22 ± 0.285.02 ± 1.04Moderate2557.00 ± 11.201.75 ± 0.090.94 ± 0.214.08 ± 0.82Severe1376.77 ± 13.031.83 ± 0.060.79 ± 0.093.60 ± 0.28Note: normal, normal control group; mild, mild steatosis group; moderate, moderate steatosis group; severe, severe steatosis group.. Differences in Mean, MSR, SK and KU among the various degrees of hepatic steatosis are shown in [Table 2](#tbl_002){ref-type="table"}Table 2.Differences in Mean, MSR, SK, and KU for various degrees of FL (*P* values)GroupMeanMSRSKKUNormalMildModerateSevereNormalMildModerateSevereNormalMildModerateSevereNormalMildModerateSevereNormal0.0160.0000.0000.0000.0000.0000.0000.0000.0000.0000.0000.000Mild0.0160.0000.0000.0000.0000.0000.0000.0000.0000.0000.0000.000Moderate0.0000.0000.0000.0000.0000.0590.0000.0000.0770.0000.0000.142Severe0.0000.0000.0000.0000.0000.0590.0000.0000.0770.0000.0000.142Note: normal, normal control group; mild, mild steatosis group; moderate, moderate steatosis group; severe, severe steatosis group. Underlining indicates that the statistical results were considered significant. *P*\<0.05 was considered to indicate a significant difference.. There were significant differences in the four indexes between the normal control group and the experimental groups (*P*\<0.05), and there was a significant difference between the mild and moderate groups and the mild and severe fatty liver groups (*P*\<0.001). There was also a significant difference in Mean between the moderate and severe fatty liver groups (*P*\<0.001). There were no significant differences in MSR, SK, and KU between the moderate and severe fatty liver groups (*P*=0.059, 0.077, and 0.142, respectively).

Mean, MSR, SK, and KU were significantly correlated with FL grades (r=0.71, *P*\<0.001; r=0.81, *P*\<0.001; r=−0.79, *P*\<0.001; and r=−0.74, *P*\<0.001). Stepwise regression analysis was used to narrow the predictors further, and Mean and MSR, with correlation coefficients of 0.71 and 0.81, respectively, were selected for this purpose. The regression equation was Y=−4.48 + 3.20 × 10^−2^X1 + 3.15X2 (*P*\<0.001), where Y=hepatic steatosis grade, X1 =Mean, and X2 =MSR.

Measurements of the diagnostic accuracy of a test using ROC analysis to determine the abilities of the four indexes and combined index (Y) to determine the stage of FL are shown in [Figs. 3](#fig_003){ref-type="fig"}Fig. 3.The ROC curves of the four parameters and combined index (Y) for diagnosing fatty liver (L≥L1). ROC, receiver operating characteristic; MSR, Mean/SD ratio; SK, skewness; KU, kurtosis., [4](#fig_004){ref-type="fig"}Fig. 4.The ROC curves of the four parameters and combined index (Y) for diagnosing significant fatty liver (L≥L2). ROC, receiver operating characteristic; MSR, Mean/SD ratio; SK, skewness; KU, kurtosis., [5](#fig_005){ref-type="fig"}Fig. 5.The ROC curves of the four parameters and combined index (Y) for diagnosing significant fatty liver (L≥L3). ROC, receiver operating characteristic; MSR, Mean/SD ratio; SK, skewness; KU, kurtosis. and [Tables 3](#tbl_003){ref-type="table"}Table 3.The diagnostic performance of Mean for diagnosing fatty liverValueL≥L1L≥L2L≥L3Cutoff value44.4452.058.0AUC0.830.900.96Sensitivity (%)76.586.8100Specificity (%)78.688.987.6Note: AUC, area under the ROC curve., [4](#tbl_004){ref-type="table"}Table 4.The diagnostic performance of MSR for diagnosing fatty liverValueL≥L1L≥L2L≥L3Cutoff value1.581.681.74AUC0.920.940.91Sensitivity (%)77.989.5100Specificity (%)90.590.379.4Note: AUC, area under the ROC curve., [5](#tbl_005){ref-type="table"}Table 5.The diagnostic performance of SK for diagnosing fatty liverValueL≥L1L≥L2L≥L3Cutoff value1.311.100.94AUC0.920.920.89Sensitivity (%)79.489.5100Specificity (%)90.588.981.4Note: AUC, area under the ROC curve., [6](#tbl_006){ref-type="table"}Table 6.The diagnostic performance of KU for diagnosing fatty liverValueL≥L1L≥L2L≥L3Cutoff value4.774.754.10AUC0.890.900.87Sensitivity (%)67.692.1100Specificity (%)97.684.779.4Note: AUC, area under the ROC curve., [7](#tbl_007){ref-type="table"}Table 7.The diagnostic performance of the combined index (Y) for diagnosing fatty liverValueL≥L1L≥L2L≥L3Cutoff value1.872.423.12AUC0.950.980.99Sensitivity (%)82.492.1100Specificity (%)97.695.893.8Note: AUC, area under the ROC curve.. For Mean, the areas under the ROC curves were 0.83 (L≥L1, *P*\<0.001), 0.90 (L≥L2, *P*\<0.001), and 0.96 (L≥L3, *P*\<0.001), respectively ([Table 3](#tbl_003){ref-type="table"}). For MSR, the areas under the ROC curves were 0.92 (L≥L1, *P*\<0.001), 0.94 (L≥L2, *P*\<0.001), and 0.91 (L≥L3, *P*\<0.001), respectively ([Table 4](#tbl_004){ref-type="table"}). For SK, the areas under the ROC curves were 0.92 (L≥L1, *P*\<0.001), 0.92 (L≥L2, *P*\<0.001), and 0.89 (L≥L3, *P*\<0.001), respectively ([Table 5](#tbl_005){ref-type="table"}). For KU, the areas under the ROC curves were 0.89 (L≥L1, *P*\<0.001), 0.90 (L≥L2, *P*\<0.001), and 0.87 (L≥L3, *P*\<0.001), respectively ([Table 6](#tbl_006){ref-type="table"}). The areas under the ROC curves of the combined index (Y) were superior to the simple indexes in evaluating hepatic steatosis grade, and they were 0.95 (L≥L1, *P*\<0.001), 0.98 (L≥L2, *P*\<0.001), and 0.99 (L≥L3, *P*\<0.001) ([Table 7](#tbl_007){ref-type="table"}).

Discussion {#s4}
==========

Fatty liver, the accumulation of lipids within hepatocytes, is a very common condition. US examination is a simple and convenient method to evaluate FL. Some researchers have tried to improve the accuracy in staging FL by B-mode image features and hepatic vein Doppler waveforms \[[@r12], [@r19]\]. At present, some new ultrasonic technologies have been applied in diagnosis of liver diseases, including superb microvascular imaging and ultrasound elastography, such as shear wave elastography, FibroScan, and acoustic radiation force impulse imaging. They can be helpful for noninvasive evaluation of fatty liver disease, liver fibrosis, and liver tumors \[[@r6], [@r10], [@r13], [@r16]\]. In recent years, some other researchers have tried to analyze FL by ultrasound RF signals \[[@r2], [@r9], [@r18], [@r22]\].These studies have revealed that there is a strong correlation between the pathology changes of FL and characteristics. Our study derived some parameters from envelope data and analyzed the diagnostic performance of them in FL.

Mean is a parameter representing the average energy of backscattered echo signals. In this study, we found that the value of Mean in FL was higher than that in the normal liver, and it increased gradually from mild to moderate and severe FL. This finding may be due to the incident ultrasound waves interacting with the increased volume of fat granules in FL, and these fat granules may have worked as backscatter particle sources with higher backscatter energy than normal liver tissue. A study by Weijers *et al*. demonstrated that Mean could be used to diagnose FL \[[@r21]\]. Based on our preliminary results, Mean is a useful parameter for evaluating various degrees of FL. The ROC analysis also showed that Mean has the potential to detect FL, especially severe FL (AUC=0.96).

MSR represents the relatively homogeneity of the signal amplitude distribution. Generally, the first-order statistics of the amplitude of scattered signals from completely random and highly concentrated scatters are characterized by a Rayleigh distribution in which the MSR is 1.91 \[[@r3]\]. In our study, MSR was significantly different between the FL and normal liver groups. This indicates that the amplitude of time-domain signals of FL was relatively homogeneous and near the envelope with a Rayleigh distribution (MSR=1.91). Our result coincides with the tissue property of FL in which randomly distributed lipid drops makes the density of scatter increase, which causes the scatter distribution to be relatively more homogenous. The ROC results also show that MSR is a useful parameter for diagnosis of FL, especially significant FL (L≥L2, AUC=0.94). Similar to our results, Weijers *et al*. illustrated that MSR had a good performance in diagnosing FL (AUC=0.94) \[[@r21]\]. Fujii *et al*. showed that MSR had a higher rate of correct diagnosis of FL and cirrhotic liver than B-mode images \[[@r2]\]. In our study, MSR was closely correlated with the FL grades (r=0.81). MSR gradually increased from the normal liver to mild, moderate, and severe FL. Therefore, it may be valuable in estimating the degree of FL quantitatively.

SK and KU are parameters concerning the shape of the envelope data distribution. In our study, SK and KU decreased in order from the normal liver to mild, moderate, and severe FL. Kuc compared the kurtosis in the human normal liver with that in FL \[[@r9]\]. Similarly, the study showed that the kurtosis in FL is lower than in the normal liver \[[@r9]\]. One interpretation of these results is that massive fatty infiltration causes the distribution to be more uniform. The ROC results revealed that SK and KU had a good performance in diagnosing FL. In our study, SK and KU were closely correlated with FL grades (correlation coefficients of −0.79, and −0.74, respectively). Fujii *et al*. revealed that SK and KU were correlated closely with the fibrosis index \[[@r2]\]. SK and KU showed significant differences between the normal liver and mild, mild, and moderate FL. They can distinguish mild FL from moderate and severe FL, but they cannot distinguish moderate FL from severe FL. Our study revealed that the potential of SK and KU to be used in grading of FL.

Conventional B-mode ultrasound is the most common technique used to evaluate the presence of fatty liver in clinical practice and many studies. But there are several limitations of B-mode ultrasound, including subjective evaluation, operator dependency, and limited ability to quantify the amount of fatty infiltration. A meta-analysis study indicated that the overall sensitivity, specificity, and AUC of ultrasound for the detection of moderate to severe fatty liver were 84.8%, 93.6%, and 0.93, respectively \[[@r5]\]. This result is similar to our study. But some research has reported that the sensitivity is low for detecting mild degrees of steatosis, ranging from 55--90%, especially for less than 20--30% steatosis \[[@r7]\]. At the same time, it is said that ultrasound is an unreliable imaging tool for evaluating the degree of fatty liver. However, our study suggested that RF signals can better distinguish mild fatty liver and that the sensitivity of most parameters is more than 75%. More research is needed to evaluate the performance of ultrasound in diagnosis of fatty liver.

Mean and MSR were used to set up a regression equation for predicting hepatic steatosis grade. The regression equation was based on the envelopestatistics, measurement of which was simple and convenient. The ROC analysis results demonstrated that the combined index (Y) expressed by the regression equation was better than the simple indexes for evaluating hepatic steatosis grade. It could be used to make an evaluation of hepatic steatosis grade comprehensive, rapid, and accurate.

The main limitation in this study was that the four parameters we suggested were only extracted in time domain signals. Investigations of the frequency-domain features should be carried out in future RF signal studies. The animal experiment in this in vivo study represents an early stage of this research, and further clinical studies should be carried out the determine the clinical importance of the study findings.

Conclusions
-----------

A rat FL model was established, and four time-domain features (Mean, MSR, SK, and KU) were extracted from the ultrasound RF signals of the rat liver, and a regression equation for predicting hepatic steatosis grade was set up. Mean was helpful in differentiating moderate and severe FL. MSR, SK, and KU were valuable in distinguishing normal liver from mild FL, mild FL from moderate FL, and mild FL from moderate and severe FL. The combined index (Y) expressed by the regression equation showed high accuracy in evaluating various degrees of FL. In summary, our study revealed that ultrasound RF signal analysis could possibly be used to grade the degree of severity of rat FL noninvasively. Further clinical study should be carried out to validate our findings.
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